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The computer program uecd to control the 
time and energy dependent parameters of the 
Trvrtron is dcecribed. Using mathemdtical 
models of the *dElli”. ry*teel,. the progrem 
allows the operator to very the ramp charac- 
t.Pietics, the rf. and magnetic correction 
elements. The timing system is automatically 
modified to reflect new P*mp variable,. 
Graphic displays show the consequencer of 
changes in the limiting factors of the 
machine. desired operating conditions, or the 
machine model. These displays inclvde the 
desired changes, the derived values (such as 
synchrotron frequency and bucket area) and the 
actual function generator outputs for the 
corresponding devices. The program has been 
designed to change or “tune” the operating 
parametcr~ quickly and to allow considerable 
flexibility for d iveree machine development 
erperimente. 

Jntroduction 

Need for Fast Chans.s 
The Fermilab Tevatron bar be.” d.rion.d 

to operate as a 400 GeV accelerator ii an 
energy saves mode. a 1000 GeV fixed target 
machine. and a proton-antiproton collider. In 
addition many of the components needed for 
thee. activities ape expected to come on-line 
sporadically. Th”r a variety of changing 
op.rating mode. and conditions is certain. 
especially considering the experimental nature 
of the superconducting magnets and associated 
refrigeration system. 

A. w.11, the different “eee of the 
Tevatron ring argue for e flexible control 
eyetern to perform many different types of 
machine erperimentr. 

Since any change in the operating mod.. 
and/or conditions can have far-reaching and 
.ometim.e obscure ramifications it ir 
l eeentiel to coordinate th. ramp* rf 
pardmetere, correction elements. and timing 
chmgee. 

fonstrnts 
Inc1”d.d in the sub,ecf Of man-machine 

communication is the question of the constants 
ured in the calculations to determine hardware 
l ettings given the deeired machine parameters. 
Thee. range from the machine radius and 
transition gamela to co”stants to convwt fro* 
function generator output voltage to 
frequency. The program d.5crib.d here provide, 
a framework for entering and modifying these 
data. 

Some data from “bench tests” have bren 
included ae well. For example, the measured 
multipol. moments of the 774 dipoles installed 
in the Tevatron were parameterized and “red in 
the calculations of the correction element 
rettinge for tunes and chromaticities. 

With all date wailable in one program, 
th. consequences of any change of operating 
conditions can be checked for error even down 
to the herdware level; e.g. power eupply ramp 
rat.e and function generator table limite. 

Color graphics displays for immediate 
feedbeck and an on-line documentation system 
have baen “red extensively in the program 
described here and found to be essential. 

Machine. M& 

In the following discussion the concept 
of a machine model is expanded from the usual 
definition of the lattice pdTarneteP5 as 
derived from SYNCH OP TEVLATl programs. Her. 
we include all the numbers needed to convert 
operator desirer into function generator 
waveforms and magnet currents. FO? the most 
part, the ““mbere are “Ot coded into’ the 
program but PPP saved in a file which can be 
easily manipulated by the operator. 

The main bus of the Tevatron includes 774 
cuperconducting dipoles. 216 superconducting 
quadr. and some other magnets used for 
l xtrdction and the beam abort. The pW&el- 
supplies in this circuit eye controlled by a 
microprocessor(TECAR) which al.0 monitors the 
quench protection circuitry. The current wave- 
form (‘ramp’) and the constants necessary for 
the regulation and control of the power 
rupplier and quench protection tests al.* 
rnterad and transmitted to TECAR by msane of 
the program described here.3 

At present. up to 32 parabolic sequence, 
are allowed to describe the main bus waveform. 

At the stert of each ramp some section of 
the quench protection system can be tested. 
That is. some subset of the SCRs which bypasr 
current around e 10 magnet string in the event 
of a qoench can be turned on and checked 
before the machine is ramped to full energy. 
To rarct the SCRc before then full ramp the 
current flow m”st be reversedi the TECAR 
waveform is automatically provided with the 
appropriate sequences for this. 

Baesd on measurements at the Magnet Test 
Facility (MTFI. the sertupole moment of the 
dipole. is move reproduceable if the magnet, 
d.. brought to a 90 GeV level beCore erch 
ramp. 4 This is a normal feature of th. 
wav.form s.nt to TECAR. 

RF 
The RF ryrten is controlled by il 

function generators which are used to vary the 
rf frequency and phaee(2). phase feedback 
rtrength(2). high voltage (5). and the cavity 
tuning(2). 2 

The change of the 53 MHz RF frequency is 
about 1kHZ a* the energy is varied from the 
150 GdJ inJection level to 

th:’ rf 
1 T.V. The 

energy variation of frequency ie 
controlled by a microprocerror with desired 
change, of radial porition offeet added using 
the first of the function gen.r..torr. 

The high voltage control includes the 
enod. e”PPlY. th. driv.r grid bias and the 
power amplifier grid biae. 

With l “ch I rmall fractionel change in RF 
fr.quenc.y it ir poeeible to tune the cavitier 
by changing their t.mp.ratur.. Two feedback 



loops in the cooling water circuits are used 
to co”trol the temperature of th. c.viti.s. 
Th. first ~,a, bypass valves (8 s delsy) and 
the second YE.S electric heaters (112 . delay) 
n*ar the cavities. The cunction g.“erator 
CUTVIS mentroned above provide advance infor- 
ndtion to the feedback circuits to reduce the 
amount of energy required by the heetere. 

TunesT;:%.Chromaticities 
il7= presently 5 euperconducting 

circuit, fov controlling the betetron tunss of 
the Tevatron. TWO circuits of correction 
qucdrupoles. on. set nea? the focusing quads 
of the main bus and the other “cap the 
defocusing quads, are used to control the 
horizontal and vertical tunes. TWO circuita of 
corrtction s.xt”poles. similarly arranged< 
control the horizontal and v.rtic.1 
chromaticities. The fifth circuit is of 
correction skew quadrupaler and controls the 
coupling of the horizontal and vertical 
betatron motion. 5 

The conversion of the desired tune values 
entered by the operator into actual current 
wrvef arms for these 5 circuits involves 
knowing: a) the relative strengths of the 
circuits. b) the machine lattice (e.g. average 
bet. values at the correction element 
poeitionr giv. the coupling constants needed 
for orthogonal contra1 of the horizontal or 
v.rtic.1 tune). and c) the contributions of 
th. .nergy dependent multipole moments of the 
magnets in the ring. For the last item, the 
.ppropriate multipole measurements of all the 
dipo1.s installed in the ring YIP. av.raged 
.nd fit to polynomials and incorporated into 
the conversion algorithms. All coefficients 
are available to the operator to modify es 
rcrults of machine erperiments refin* the 
d.t.. 

Helf-inteoer Extraction 
The helf-integer resonant extraction is 

controlled in part by b superconducting 
circuits. These .~e two 39th harmonic quad 
circuits. two 39th h.rmonic octupole circuite 
.nd two 0th harmonic 0ctup01. circuits. Of 
CO”PLP> the ordinary tune circuits are also 
involved in the extraction pPO<*,S. However. 
since *rtraction takes place at constant 
.nwgy. the necessary waveforms .I-. simple. So 
far. the settings have been determined 
.mpiric.lly without too much trouble. 

u@ina 
General timing signals. called clock 

l v~ntr* are broadcast throughout the sit. 
using l 10 MHz clock system. Those events 
which change with different rrmp waveforms .P. 
l utom.ticaily recalculated and sent when a new 
op.r.ting condition is ectivatad. The 
celculetion rlgorithms ten b. based on tim. 
and/or energy in the cycle OP referenc.d to 
oth.r clock events. 

There .P. 216 correction dipoles for 
correcting the Tevatron closed orbit. Since 
the high field orbit is not correctable in the 
UeUel uayti. e. moving queds). th... element, 
.T. r.th.r rtrong and must be progremmed 
throughout the cycle. nort of th.s. 
corrections IT. proportional to the energy of 
the machine .nd .P. taken cer. of 
rutom.ticrlly in the c.se of . new ramp by the 
signal rent by TECAR rnd the energy dspendent 
tebl. of the dipol. function generators. SOrn~ 

time dependent tables. e.g. for inJection and 
extraction. exist in these sam. generators and 
must be changed if the mrin ramp waveform is 
modified. When a new ramp is generated. new 
breakpoints for the time table .P. calculated 
and sent to . program operating in the central 
comput.r which resets the necessary tables. 

~elculational Aloorithms 

Seousncss. General Discussion 
The idea of a control program which 

rllous one to construct waveforms from modular 
calculational elements using terms familiar to 
.cceleratar physicists is not new. A similar 
program is used to control the CERN Antiproton 
Accumulator’s two waveform grnwators to vary 
th. RF voltage and frequency. b HO”e”@F the 
scope of the program described her. is 
romewhst different in that the?. al-e 23 
separate waveforms controlled directly. up to 
216 which we controlled indirectly. and up to 
32 directly controlled timing channels. 

operators of the machine .P. able to 
enter desired waveforms by specifying up to 18 
different eequences. A sequence is a 
calc”lationa1 algorithm for determining how 
persmeters .P. to vary from the end of the 
preceding sequence OV.P the time interval of 
th. sequence. The time interval itself may be 
entered explicitly 117 calculated. A sequence 
ueually corresponds to . subroutine of the 
program and is rather easy to redefine DP 
invent. The following sequences .PB those used 
at present but should be considered as 
.ramples as they PPB easily modified. Fig. 1 
ehowr th. TV image that the operator uses to 
construct the main bus and RF waveforms. For a 
particular type of sequence sonle of the 
entries on . row eve input (indicated by 
inverted field, on the TV sc~cen but h.r. by . 
> to the left of the number); the others .P. 
c.lcu1.t.d results. 

Fig. 1 Sequence Control Page for RF/RAMP 
p*r.a.tws. An example OF . 512 C.V ramp with 
5 second flat-top. 

The columns .P.: 1 s*quenc. number. 2 
sequence typo. 3 time interval of the sequence 
in s.conds. 4 energy in C&s 5 time from 
urveform reset. b radial position in mm, 7 
bucket area in PV-s. 8 synchronous phase angle 
in degrees, 9 rf frequency relative to that at 
inJection in Hz. 10 high voltage in fraction 
of th. maximum. II dE/dt in fraction of th. 
marimum. The maximum voltage end ramp rate are 
entered on th. 4th PDW of the p.g.; thus if . 
power svpp1y OP rf csvity f.ils. only on. 
number needs to be changed to .llow th. entire 
art of u.“eforms to be r.calcu1.t.d and 
activated. 

Sequence insertion or drlction moder are 
controlLed on POW 3. The default mod. is to 
c.lcula~te end plot .I1 scqucncer down to the 
CYPsor porition if the cweor ir in the left- 
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h=nd cblumn when the i?terrupt ie puehed a”alog signals. other derived curves such es 
rynchrotro” frequency snd ediabeticity 
coefficient are .lso available. Fig. 3 shows 
the variables aveilable for RF/RAMP displays. 

Secuence Lefinitions 
The EIJ&ll. zeqvenre starts all ramp 

definitions and is used to eet th. 2.~0 level 
of thr fu”ction gonerstore. The quench 
protection tests .nd the change from the 90 
OcV magnet reret level to the 150 CO” 
inJection level l r* inerrted into the TECAR 

IllllPO" 
I,tllDOI 
i,lFIlGN‘ 
1Tl~ROH1 
ITtll*o* 

:::;:::I 
I T.P~c*a 
IIICOC, 
ITIYYCC" 
I,I""PG" 

table:. 
The PARADola sequence hae l . input the 

final -S”.*gtJS dE/dt* radial position and high 
vnltaae. The four boundaru conditions (initial 
=nd iinal energy8 initial and final dE/dt> 
determine the time interval Dt and A, B, and 
c. where E = At**2 + Bt + C. The high voltage 
rnd redi. position aPa vsried linearlu ovev 
Dt. 

The Hdtchino PARAbola sequence requires 
the final .“e~gy> dE/dt. and bucket ire=. lt 
determines the main bus current in the sane 
=-u =e the PARAB sequence. However it changes 
the high voltage (HV) in such a way as to vary 
the rf bucket *Fed linearly from initial to 
final values. This is done using a 7th order 
polynomial fit to =lpha(sin(phi)) to solve the 
two .imultsneous equations 

dE/dt=ci+HVefrev*sin(phi) and 
bucket area=c2e=lpha(sin(phi))aSaRT(E+HV/eta). 
The resulting 14th order polynomial is solved 
itrrdtively using Newton’s method. 

The CAPture-DEPosit requence takes place 
rt co”stant energy and has the time interval 
rnd fine1 bucket =Te= as inputs. The time 
dependence of the =?e= is 

A(t)=Ai/(I-((t-ti)/(tf-ti))ro/Af-Ai~,Af~) 

Fig. 3 Plotting co”trol page for RF/RAMP 
sequences. Up to 8 variables and colors =PO 
possible. 

Fig. 4 shows the graphics output for a 
sample choice of RF/RAMP variables. 

RF/RAMP Plot for file 
I 

I 

This gives a constant adiabeticity. 
(dA.Ts)/(dteA). where is is the synchrotron ;i :; 4.e 
period. Ai (Af) is the initial (final) A. and 2”: 
ti (tf) is the initial (final) time. -z : 
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m Proaram Features 

The l econd row of the pege shown in fig.I 
contdins branches to other program options. 
Ch-c.lc. o? change calculation co”sta”ts. 
where the operator may change the m=chii: 
model. Fig. 2 shows the work page for the rf 
l nd main bus. OP ramp. parameters. 

:::,“:;c.““‘“’ Cons*.“*. 

W.L. ,‘O “O.“,. con,r~nrr. 7, *I..“.“<“* .h.S. 
y;:; C~.i<i~“~ “‘I,. 0 .0*0* 

. 8 v<s>- 0 :: .s.e.e04 
y:: u;: : I “<a>- 0 * t -c 

I Y<.>. 0 
1.q “*.“I. ron.tants. 

L..,. ,.., ,a. ,I y<,>- 0 . I*‘*L “““a** .Y” 
I”... ,ro,r.. 2s Y‘S>. 0 
*,,r.r ,a.. I 8 “Cl>. D I I r, ,I, .,n 
,r,r.r *a.* P I “<.>. 0 
,a CrA.11.. I “‘9). 0 1.0 II..“,. r.n.r.nrs. 

* IC~“,(“.~~“,“, 

“I, Y.3”. CVO, I “‘IO> 0 .Y”<la>..I 
**a U,..., ..**I “<II> ; : : .““..2 

, ., 1..,.“. t .LS. 
1”1*, ,* ,c’“:,:;;“::“’ eL.l”-..):.“.l*(,.e.Y) 

a,*s Ia ..*. EPF=CT OlCDD I 
LI ~,l:ccl” “::‘:;m;: LO.. ;:“fm;“” L.I.” 

Fig. 2 Work page for entering c.lculational 
constents for RF/RAtlP p=r=m.ters. 

Ch-plot, or chrnge plotting p=r=meters. 
co”trols the gr=phics screen. Plot v.ri=ble.. 
limiter and colore c=n be chosen for up to 4 
crlculeted values l nd 4 rn.log signals. An 
l x.mple for the sequence% above i. shown in 
fig. 3. In =ddition to the varidbles ehoun on 
the l equence page and their corresponding 

Fig. 4 Color grrphice diepley of results of 
the eequence calculation defined in fig. i. 

On each of the 19 control P=$e. for 
chdnging seq*enc.s~ co”stsnts OP plotting 
control there is a help option. Interrupting 
with the cuvsor under this word c=uses = p=ge 
of inrtructions/information to be displ=yed on 
the TV screen for that particular control 
p=g.. The text is easily edited and esved. 

m @ Extraction Control, 

The m sequence is us.d milinly for 
control of tune and l rtrection power supplies. 
Since the current‘ in the.. circuits PP. 
largely proportion=1 to the machine energy. 
the time breakpoints of the cwvee =P. 
determined by the RF/RAMP sequencer. The 
valuee typed in by the oper=tor l TC linerrly 
interpolated OWP the l cquenc. time intervelr. 
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Fig. 5 shows the sequence page for tune 
control and fig. 6 shows the corresponding 
work p=g= for ontering the machine model 
c**st*nt*. 
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Fig. 5 Co”trol Page for horitontsl rnd 
vertical tunes l nd chrom=ticities and the rkev 
quddrupols setting. 
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Fig. 6 Work page for entering c0*st.*t* to 
define the machine model used in the tune 
c=lculdtione. 

The new Fermilab =ccelerator c**tr01 
rystem. uses PDP-11134 computers for conrole 
l nd front-end computations. A “AX-11,780 
occupies the central node of the network. All 
of the computation. and displays described in 
thie paper *x-e made in the console PDP-II. 
Even though this implies many program 
overlays, the calculations *pa relatively 
rhort and the console r-*spans* is somewhat 
f=eter for having fewer network transfers. 

A standard console is equipped with = 
color TV screen, lerge color graphics screen, 
touch p.n.1. storrg. scope, keybo=rd. 
tr=ckb.ll and CUPSOP. Program control is 
mostly by trickb.11. EU?,OIC .“d interrupt 
button. using the keyboard to enter data. 7 

The graphic. displays associated with the 
program described here =re driven by =n 
l ssoci=ted secondary application progrrm which 
occupies a separate partition of the console 
computer. Plots of desired uaveformr l “d the 
correeponding readbacke can be initi=ted by 
the win program and then the eecondary 
progr=m continuer independently to g=ther d=t= 
vi= the network end update the displ=ys. This 
srp=r=tion of the calculation l nd grdphice 
drivers l llowe the oper=tor to us. other 
progrrm‘ while still monitoring thm b.h=vio,r 
of 50”. ,yst*m. 

Experience a Conclusions 

The system described in this p.3p.r to 
c**tr01 the time dependent parameters of the 
Tevitro” ila* been vned since the initial 
commissioning of the mdchine. It providee a 
framework for incorporating improved under- 
standing of the accelerator for more accurate 
control of the tunes. chromaticities =“d rf 
parameters. It provides the usual s=ve 
/restore functions and allows oper=ting m*d*, 
OP conditions to be changed quickly (the time 
needed to calculate and load the 23 function 
gi!*.r*t*r tables and 32 clock event registers 
is less than 20 seconds for the maIt complex 
r.mp y=t imagined). Since the desired 
conditioor can be specified in comnon units 
Cm. g. energy(CeV). bucket drea(eV-5). radial 
position( tunes. chrom=ticity(natural 
units). etc. ) in l unive,real foraat. the 
oper=tion of the machine is quickly learned. 

The automatic displiye which compare 
desired =nd actual power supply waveforms ape 
needed. The on-line dacumentation hde found 
other uses than basic information for program 
operation including storage of numbers and 
procedures too often lost in obscure log books 
.nd communication between ueeps and 
progr=mmers(GROUSE). 
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